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Black phosphorus (BP) as a promising two-dimensional material with extraordinary optical prop-
erties constitutes an excellent building block in multilayer hyperbolic metamaterials. In this work,
we design a multilayer hyperbolic structure composed of BP/dielectric layer stacking unit cells pat-
terned on a gold mirror and theoretically demonstrate the tunable anisotropic perfect absorption in
the infrared regime. The electric dipole resonance between the adjacent unit cells makes impedance
of the structure match to that of free space and achieves perfect absorption for one polarization
direction, while the impedance mismatch for the other polarization direction leads to only 8.2%
absorption at the same wavelength. The anisotropic absorption response of the proposed structure
can be attributed to the intrinsic anisotropy of BP, which exhibits few dependence on the incident
angle. Furthermore, we investigate the tunable optical absorption of the proposed structure with
the electron doping of BP and the geometric parameters. These results demonstrate great poten-
tials of BP in constituting multilayer hyperbolic metamaterials and open up avenues in designing
anisotropic metadevices with tunable spectral and polarization selectivity in the infrared regime.
I. INTRODUCTION
Metamaterials with artificially structured subwave-
length building blocks have attracted substantial at-
tention due to their unprecedented flexibility in light
manipulation.[1] Recently, the research on metamateri-
als has progressed to tunable and functional metade-
vice applications, as well as discovering novel struc-
tures with exceptional properties inaccessible to conven-
tional metamaterials. Among the emerging varieties of
metamaterials, hyperbolic metamaterials are most dis-
tinguished thanks to their extremely anisotropic fea-
ture enabling the hyperbolic isofrequency dispersion.[2–
4] Such metamaterials are good analogues of tradi-
tional optical crystals with one diagonal component of
the permittivity tensors exhibiting the opposite sign to
the other two diagonal components, which can be ful-
filled by constricting the motion of free electrons within
one or two spatial dimensions, practically, by period-
ically arranged metal-dielectric multilayers and metal-
lic nanowire arrays. Owing to the hyperbolic isofre-
quency dispersion, these simple and elegant structures
possess unique optical and physical properties, such as
supporting high propagation wave vectors and enhancing
photonic density of states, and offer an excellent plat-
form in tailoring light-matter interaction, which facilities
prospective applications in high-resolution imaging and
lithography,[5–7] spontaneous emission enhancement,[8–
10] ultrasensitive biosensing,[11–13] and broadband per-
fect absorption.[14–16]
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In the last decade, atomically thin two-dimensional
(2D) materials which show remarkable electronic, opti-
cal, mechanical and thermal properties, have received
great research interest.[17–21] Graphene as one of the
most popular 2D materials, which can take over the
role of metal in providing an inductive layer with nega-
tive permittivity, constitutes an excellent building block
for multilayer structure of hyperbolic metamaterials.[22,
23] The graphene-based hyperbolic metamaterials have
been extensively investigated for light manipulation at
nanoscale, empowering different applications in nega-
tive refraction,[24, 25] light confinement[26–28] and slow
light.[29, 30] More recently, a newly emerging 2D mate-
rial, black phosphorus (BP) which has been isolated from
bulk-BP by mechanical exfoliation and plasma thinning,
shows high carrier mobility, relatively low loss and flex-
ible tunability.[31–33] Similar to graphene, BP presents
metallic behavior with negative permittivity in the mid-
and far-infrared regime,[34–36] thus offering capabilities
to replace the metal in metal-dielectric multilayer hyper-
bolic metamaterials. Moreover, BP with a direct and
layer-sensitive bandgap from 0.3 eV to 2 eV shows an
attractive advantage to realize high onoff ratios,[37–39]
which cannot be achieved in the zero-bandgap graphene.
More importantly, the asymmetric crystal structure of
BP brings about the highly in-plane anisotropy, leading
to extremely polarization-dependent electronic and opti-
cal properties that may open avenues for novel functional
devices.[40–43] However, the BP-based hyperbolic meta-
materials have been rarely considered, and the funda-
mental properties and the potential applications on this
aspect have yet to be fully investigated.
In this work, we propose a novel class of hyperbolic
metamaterials based on BP/ dielectric multilayer struc-
2tures for the realization of the tunable anisotropic perfect
absorption. To our knowledge, it is the first time to take
BP instead of metal or graphene as the building block for
multilayer hyperbolic metamaterials. Due to the intrinsic
anisotropy of BP, the proposed structure shows perfect
absorption for one polarization direction while the ab-
sorption of 8.2% for the other polarization direction at
the same wavelength. Moreover, the absorption response
of the proposed structure can be tuned by varying the
electron doping of BP, the thickness and the number of
the BP/ dielectric bilayer in the unit cell. This work con-
firms the potential of BP as an excellent building block
in multilayer hyperbolic metamaterials and demonstrates
the promising application in tunable anisotropic metade-
vices.
II. THE GEOMETRIC STRUCTURE AND
NUMERICAL MODEL
Figure 1(a) depicts the schematic of our pro-
posed hyperbolic metamaterials, which are composed of
BP/dielectric layer stacking unit cells patterned on a
gold mirror. The period distance between unit cells is
P = 500 nm and the cubic geometry is L = 400 nm in
length of each side. The thickness of each BP/dielectric
bilayer is denoted by t = tBP + td, with thickness for BP
layer and dielectric layer as tBP = 1 nm and td = 79
nm, respectively. The thickness of gold mirror is set as
tAu = 200 nm. The number of the BP/ dielectric bi-
layer in each unit cell is represented by N = 20. The
permittivity of dielectric is εd = 2. The permittivity of
Au plane is derived from Drude model with the plasmon
frequency ωp = 1.37 × 10
16 rad/s and the collision fre-
quency γp = 4.08× 10
13 rad/s.[44] In this configuration,
the transmission is eliminated because the thick gold mir-
ror prevents the propagation of incident light. Thus, the
absorption can be simply calculated as A = 1−R, where
R is the reflection from the structure.
FIG. 1. (a) The schematic of the hyperbolic metamaterials
composed of BP/dielectric layer stacking unit cells patterned
on a gold mirror. (b) The top view of the lattice structure of
BP.
The atoms in monolayer BP are covalently bonded to
form a unique puckered honeycomb structure through sp3
hybridization. The asymmetric crystal structure of BP,
i.e. x direction armchair edge and y direction zigzag edge,
is depicted in Figure 1(b), leading to remarkable in-plane
anisotropic electron dispersion and direction-dependent
conduction. In the mid- and far-infrared regime, the sur-
face conductivity of BP can be described using the semi-
classical Drude model,[40, 41]
σii =
iDi
pi(ω + iη
~
)
, i = x, y (1)
where i = x, y represents the x and y directions, respec-
tively, Di is the Drude weight, ω is the incident light
frequency, η = 10 meV is the electron relaxation rate, ~
is the reduced Planck’s constant. The parameter of Di
is described by
Di =
pie2n
mi
, i = x, y (2)
where e is the electron charge, n is the electron doping,
mcx = 0.15m0 and mcy = 0.7m0 (m0 is the static elec-
tron mass) are the in-plane electrons effective mass along
the x and y directions, respectively.[31] Hence, the equiv-
alent relative permittivity of BP in three directions can
be derived by
εii = εr +
iσii
ε0ωtBP
, i = x, y, z (3)
where i = x, y, z represents the x, y and z directions,
respectively. εr = 5.76 is the relative permittivity of BP,
ε0 is the vacuum permittivity.
The subwavelength BP/dielectric multilayer structure
can be treated as an effective homogeneous medium, and
the effective permittivity tensors along x, y and z direc-
tions are determined by[45]
ε
eff
ii =
εiitBP + εdtd
tBP + td
, i = x, y (4)
ε
eff
ii =
εiiεd(tBP + td)
tBP εd + tdεBP
, i = z (5)
According to Eqs. (4)-(5), the real and imaginary parts
of the three effective permittivity tensors are depicted in
Figure 2(a) and (b), respectively. In the initial setup, a
moderate electron doping of n = 5 × 1013 cm−2 is con-
sidered, and we can observe εeffxx , ε
eff
yy < 0 and ε
eff
zz > 0
are satisfied in the infrared regime of interest. Therefore
the hyperbolic dispersion properties are expected in the
multilayer structure.
The absorption responses of the proposed hyperbolic
metamaterials are investigated via simulations using fi-
nite difference time domain (FDTD) method. In the cal-
culations, the moderate mesh grid is adopted to make
good tradeoff between accuracy, memory requirements
and simulation time. The linearly polarized plane wave is
incident along the −z direction, and the periodic bound-
ary conditions are used in the x and y directions and the
perfect matching layer conditions are adopted in the z
direction.
3FIG. 2. (a) The real parts and (b) the imaginary parts of the
effective permittivity tensors along x, y and z directions for
the multilayer hyperbolic structure.
III. RESULTS AND DISCUSSIONS
Figure 3(a) and (b) present the simulated spectra of
the proposed BP/dielectric metamaterials for electric
field E along x and y directions under normal incidence.
The total absorption is 100% at the resonance wavelength
of 20.41 µm for E along x direction, achieving the per-
fect absorption. On the other hand, a weak absorption of
only 8.2% is observed for E along y direction at the same
wavelength, and the strongest absorption of 43% appears
at the resonance wavelength of 34.90 µm. Therefore, the
extremely anisotropic absorption can be well observed for
different polarization directions.
FIG. 3. The anisotropic absorption and reflection spectra
for electric field E along (a) x and (b) y directions under
normal incidence in the proposed hyperbolic metamaterials.
In the inset of (a), the real and imaginary parts of the effective
impedance Z at the perfect absorption peak are illustrated,
and the dashed lines represent the free space impedance (Z0 =
1) and the position of the resonance wavelength, respectively.
The extremely anisotropic absorption can be inter-
preted with the impedance matching theory. For the
proposed metamaterials composed of BP/dielectric mul-
tilayer structure supported on the gold mirror, the effec-
tive impedance Z can be described by[46, 47]
Z =
(T22 − T11)±
√
(T22 − T11)2 + 4T12T21
2T21
, (6)
where T11, T12, T21 and T22 are the element values of the
transfer (T) matrix. The two solutions of the effective
impedance describe the two different paths of the light
propagation, for example, the plus sign corresponds to
the positive direction. The elements of T matrix can
be calculated from the scattering (S) matrix elements
written as
T11 =
(1 + S11)(1− S22) + S21S12
2S21
, (7)
T12 =
(1 + S11)(1 + S22)− S21S12
2S21
, (8)
T21 =
(1 − S11)(1− S22)− S21S12
2S21
, (9)
T22 =
(1 − S11)(1 + S22) + S21S12
2S21
. (10)
In order to achieve the perfect absorption, the effec-
tive impedance of the whole structure needs to match
to that of the free space, which implies the value of Z
in Eq. (6) as close to 1 as possible. As shown in the
inset of Figure 3(a), the effective impedance of the struc-
ture is equal to the free space impedance at the reso-
nance wavelength of 20.41 µm for E along x direction,
i.e. Z = 0.99−0.02i, while the effective impedance is cal-
culated as 3.49×10−4−0.16i at the same wavelength and
as 0.14− 0.04i at the resonance wavelength of 34.90 µm
for E along y direction. Due to the anisotropic property
of BP along x and y directions, the impedance matching
between the whole structure and the free space can be
realized in only one direction at a time, giving rise to the
anisotropic absorption as shown in Figure 3.
To further clarify the physical mechanism of the
anisotropic absorption behaviors in the proposed struc-
ture, we simulate the electric field distributions at the
resonance wavelengths for E along x and y directions.
As shown in Figure 4(a), the pronounced confinement
of electric field between the adjacent unit cells can be
observed for the electric field E along x direction, and
the divergence and convergence of the electric field ex-
hibit a clear tendency to follow the polarization of the
incident plane wave, which are typical characteristics of
the electric dipole resonance in the hyperbolic metama-
terials. Due to the strong electric dipole resonance, the
effective impedance of the proposed structure shows a
great match to that of the free space, leading to the per-
fect absorption of the incident plane wave for E along x
direction. In Figure 4(b), the weak electric diploe reso-
nance can be observed at the resonance wavelength for
E along y direction, corresponding to the relatively weak
absorption peak. According to the above analysis, it can
be concluded that the strong or weak electric dipole reso-
nance between the adjacent unit cells directly causes the
impedance match or mismatch of the whole structure to
that of free space, and leads to the anisotropic absorp-
tion, which is rooted in the asymmetric crystal structure
of BP.
Figure 5(a) and (b) present the dependence of the ab-
sorption spectra on the incident angle for E along x and y
4FIG. 4. The electric field distributions at the resonance wave-
lengths for E along (a) x and (b) y directions.
directions, respectively. For E along x direction, the near
perfect absorption can be observed within a large incident
angle from 0 to 45 degree. The resonance wavelength
shows a slight blue shift as the increase of the incident
angle, which may be induced by the unsymmetrical elec-
tric field component of the oblique incident plane wave.
For E along y direction, the absorption efficiency grad-
ually decreases when the incident angle increases, and
the absorption decreases rapidly when the incident angle
exceeds 30 degree. Hence, the proposed BP/dielectric
multilayer structure can well maintain the anisotropic
absorption behaviors at the incident angle from 0 to 45
degree for E along x and y directions.
FIG. 5. The angular dependence of the absorption spectra
for E along (a) x and (b) y directions.
By changing material properties and geometry param-
eters, we can get flexible control of the absorption re-
sponses of the proposed hyperbolic metamaterials. In
the following, we investigate the tunable anisotropic ab-
sorption of the structure by varying the electron doping
n of BP layer, the thickness t and the layer number N of
the BP/dielectric bilayer.
According to Eqs. (1)-(5), the electron doping n di-
rectly determines the surface conductivity of BP, then in-
fluences the effective permittivity tensors and the absorp-
tion behavior of the whole structure. In Figure 6(a) and
(b), the absorption spectra are plotted at different elec-
tron doping n ranging from 1× 10−13 cm−2 to 9× 10−13
cm−2, where the thickness t = 80 nm and the number
N = 20 of the BP/dielectric bilayer are in line with the
initial setup. The change in the electron doping n of BP
causes obvious variations in the absorption response. For
E along x direction, the absorption peak of the proposed
structure gradually increases from 37.78% to 100% as n
increases from 1 × 10−13 cm−2 to 5 × 10−13 cm−2, and
then decreases to 81.58% with the further increase of n
to 9× 10−13 cm−2. For E along y direction, the absorp-
tion peak exhibits a monotone increasing tendency dur-
ing the increase of n. At the same time, it can be clearly
observed that the increase of the electron doping n of BP
also leads to blue shifts of the resonance wavelengths for
both E along x and y directions.
FIG. 6. The anisotropic absorption spectra for electric field E
along (a) x and (b) y directions under normal incidence with
various electron doping of BP (n ranging from 1×10−13 cm−2
to 9×10−13 cm−2) in the proposed hyperbolic metamaterials.
The variation in the absorption peak originates from
the change in the effective impedance of the proposed
structure influenced by the electron doping of BP. The
effective impedances of the whole structure for E along
x direction can be calculated as examples. When the
electron doping n starts at 1 × 10−13 cm−2, the effec-
tive impedance is 0.12 − 0.05i at 34.57 µm, which mis-
matches to that of the free space and leads to the absorp-
tion peak of only 37.78%. As n increases to 5 × 10−13
cm−2, the effective impedance is 0.99 − 0.02i at 20.41
µm, matching to that of the free space, and the per-
fect absorption is achieved. Finally when n comes to
9×10−13 cm−2, the effective impedance is 2.44−0.38i at
17.87 µm, and the absorption peak turns down to 81.58%
due to the impedance mismatch. On the other hand,
the blue shifts of the resonance wavelengths can be at-
tributed to the fact that the effective permittivities for
the multilayer hyperbolic structure decrease as the elec-
tron doping of BP increase as shown in Figure 7(a) and
(b). Therefore, to approach the value of the effective per-
mittivity εeffxx = −18.87 and ε
eff
yy = −2.44 at the perfect
absorption, the resonance wavelengths for the cases of
n = 1 × 10−13 cm−2 and 3 × 10−13 cm−2 need to shift
towards longer wavelengths, while the resonance wave-
lengths for the cases of n = 7×10−13 cm−2 and 9×10−13
cm−2 need to shift towards shorter wavelengths.
Next we investigate the absorption responses of the
proposed structure with different thickness t of the
BP/dielectric bilayer, and the electron doping of BP is
fixed as n = 5 × 10−13 cm−2 and the number of the
BP/dielectric bilayer is set as N = 20. As shown in Fig-
ure 8(a), all the absorption peaks of the proposed struc-
ture are above 97% for E along x direction, which indi-
cates that we can approach the near perfect absorption
at different wavelengths by adjusting the thickness of the
5FIG. 7. The real parts of the effective permittivity tensors
along (a) x and (b) y directions for the multilayer hyperbolic
structure with various electron doping of BP (n ranging from
1× 10−13 cm−2 to 9× 10−13 cm−2).
BP/dielectric bilayer. Also, for E along y direction, it
can be observed a slight increase in the absorption peak
from 34.77% to 49.88% as the thickness increases, as Fig-
ure 8(b) shows. At the same time, with the increase of
the thickness of the BP/dielectric bilayer from t = 60 nm
to 100 nm, the resonance wavelengths for E along both
x and y directions show redshifts from 16.10 µm to 23.95
µm and from 29.95 µm to 39.10 µm, respectively.
FIG. 8. The anisotropic absorption spectra for electric field
E along (a) x and (b) y directions under normal incidence
with various thicknesses of the BP/dielectric bilayer (t rang-
ing from 60 nm to 100 nm) in the proposed hyperbolic meta-
materials.
The reason for the variation in the absorption peak lies
in that the change in the thickness of the BP/dielectric
bilayer alters the effective impedance of the proposed
structure. For example, the effective impedances of the
proposed structure for E along x direction is calculated
as 0.72 − 0.05i at 16.10 µm for t = 60 nm, 0.99 − 0.02i
at 20.41 µm for t = 80 nm and 1.27− 0.02i at 23.95 µm
for t = 100 nm, respectively. The impedances match to
that of free space leads to the nearly perfect absorption
of 97.35%, 100% and 98.51% at the respective resonance
wavelengths. On the other hand, the redshifts of the res-
onance wavelengths can be explained by the variations
of the effective permittivity tensors with the increase of
thickness of the BP/dielectric bilayer. In Figure 9(a) and
(b), both effective permittivity tensors εeffxx along x direc-
tion, and εeffyy along y direction show the rising tendency
for a certain wavelength as the thickness increases from
60 nm to 100 nm. To satisfy the permittivity tensors
at the absorption peak, the resonance wavelengths for
the cases of t = 60 nm and 70 nm need to shift towards
shorter wavelengths while the resonance wavelengths for
the cases of t = 90 nm and 100 nm need to shift towards
longer wavelengths.
FIG. 9. The real parts of the effective permittivity tensors
along (a) x and (b) y directions for the multilayer hyperbolic
structure with various thicknesses of the BP/dielectric bilayer
(t ranging from 60 nm to 100 nm).
The absorption response of the proposed structure can
also be tuned by altering the number of the BP/dielectric
bilayer, as shown in Figure 10(a) and (b). For E along
x direction, the absorption peak shows an increase from
81.17% to 100% when N increases from 12 to 20, and
then gradually declines to 82.75% as N continues in-
creasing to 28. For E along y direction, the absorption
peak shows a monotone increase from 12.46% to 75.82%.
These variations can be explained by the reason that the
different layer numbers influence the structure of the unit
cell and further change the effective impedance of the
structure. For example, when N = 12, 20 and 28, the
effective impedances of the whole structure for E along
x direction are calculated as 0.40 − 0.01i at resonance
wavelength of 16.40 µm, 0.99 − 0.02i at 20.41 µm, and
2.40 − 0.16i at 24.48 µm, respectively. The impedance
match of the whole structure to that of free space leads
a perfect absorption for N = 20, while the mismatch
causes the relatively weak absorption for N = 12 and
28. It is also observed that the resonance wavelengths
show slight redshifts as the number of the BP/dielectric
bilayer increases from N = 12 to 28 for both E along x
and y directions, which can also be attributed to the vari-
ations of the effective permittivity tensors. It needs to be
noted that the effective permittivity tensors in Eqs. (4)-
(5) are defined with effective medium theory under the
assumption that the number of the BP/dielectric bilayer
is infinite. Hence a slight deviation on the effective per-
mittivity tensors would happen when limited layer num-
ber is employed to approximate the infinite condition in
the practical simulations.
IV. CONCLUSIONS
In conclusions, we theoretically investigate the tun-
able anisotropic perfect absorption based on the struc-
ture composed of BP/dielectric multilayer stacking unit
cells patterned on a gold mirror. The proposed structure
6FIG. 10. The anisotropic absorption spectra for electric field
E along (a) x and (b) y directions under normal incidence
with various numbers of the BP/dielectric bilayer (N ranging
from 12 to 28 ) in the proposed hyperbolic metamaterials.
shows perfect absorption for E along x direction while
the absorption of 8.2% for E along y direction at the
same wavelength. The physical mechanism of the perfect
absorption lies in the impedance match of the structure
due to the strong excitation of the electric dipole reso-
nance between the adjacent unit cells, and the anisotropic
responses can be attributed to the asymmetric crystal
structure of BP. By changing the electron doping of BP,
the thickness and the number of the BP/dielectric bilayer
in the unit cell, the absorption responses of the proposed
structure can be flexibly controlled. This work demon-
strates the potentials of BP as an excellent building block
for multilayer structure of hyperbolic metamaterials, and
provides inspiration and guidance for a wide variety of
tunable anisotropic metadevices such as polarizers and
signal processing systems based on hybrid BP/dielectric
multilayer structures.
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